Objective: Progress in the treatment of acromegaly with drugs is making it necessary to improve the prediction of the outcome of transsphenoidal surgery. Design: We evaluated clinical, hormonal and radiologic predictors based on magnetic resonance imaging (MRI) of surgical outcome in patients with acromegaly. Methods: This retrospective analysis included 125 consecutive patients investigated for acromegaly in a single endocrine unit since the use of MRI imaging began (1988). Eighty-three of these patients (50 women) underwent transsphenoidal surgery and were investigated before and after surgery in our department. A neuroradiologist unaware of the surgical outcome analyzed the results of pituitary gland MRI investigations. Results: Surgical remission rates were 44%, 43%, 61% and 59% based on mean basal GH concentration under 2.5 mg/l, GH/oral glucose tolerance test (OGTT) of ,1 mg/l, GH/OGTT of , 2 mg/l or IGF-I concentration normal for age and sex respectively. In univariate logistic regression analysis with IGF-I concentration used as the criterion for cure, young age (P , 0.001), high IGF-I concentration before surgery (P , 0.01), high basal GH concentration before surgery (P , 0.02), and high nadir GH/OGTT before surgery (P ¼ 0.03) were predictors of poor outcome. The following results in standardized MRI analysis were associated with a higher probability of not being cured: adenoma greater than 15 mm in diameter (P , 0.02), infrasellar extension (P ¼ 0.04), suprasellar extension (P , 0.005) and invasive adenoma (0.02) according to MRI staging. MRI analysis of the intracavernous extension showed that stages above B2 (possible sinus extension with sign of invasion of the space below the carotid artery) were associated with a lower probability of postoperative normal GH plasma levels (P ¼ 0.01). In multivariate analysis, age, preoperative hormonal levels and adenoma size remained the major predictors of surgical outcome. Conclusions: This report provides the first evidence that detailed MRI analysis of adenoma size, location and potential invasion, together with preoperative clinical and hormonal parameters, can be used for the prediction of hormonal outcome after transsphenoidal surgery for acromegaly.
Introduction
For more than 30 years, transsphenoidal neurosurgery has been considered the first-choice treatment for acromegaly caused by pituitary growth hormone (GH)-secreting adenoma (1 -4) . However, if strict biochemical criteria are used (5), the postsurgical remission rate is less than 60% (6 -8) . Epidemiologic studies have shown that the high rates of morbidity and mortality associated with acromegaly can be greatly reduced by controlling GH levels (9 -13) . Adjuvant therapy, by radiotherapy and/or drug treatment, is often needed after surgery to achieve such control (14) . The indications for radiotherapy are limited due to the time lag before this treatment has an effect and the high risk of inducing hypopituitarism (15, 16) . Drug treatments, initially with dopamine agonists, and with somatostatin analogs have been developed. Somatostatin analogs are effective in 50 -70% (17 -19) of cases. The GH receptor antagonist pegvisomant has proved highly effective (20) . Recently, somatostatin analogs (21 -25) have been proposed as first-choice treatments for patients with no unequivocal indications for surgery (compression of the optic chiasma, for example), and might be discussed as well in the future for pegvisomant (26) . These important pharmacologic advances have led to considerable debate about whether drug treatments (mainly with somatostatin analogs) should be used as a first-line treatment. Drug treatment before surgery was initially suggested for patients with severe cardiopulmonary complications of acromegaly. More recently, first-line drug treatment was also suggested for patients with a low probability of surgical cure (invasive macroadenoma).
However, surgery remains the only way to cure acromegaly, with the restoration of a normal GH secretion profile following complete, selective removal of the adenoma. This highlights the need for predictors of surgical outcome. Some criteria, such as the differences between macro-and microadenomas (27, 28) , preoperative mean basal GH concentration (29) and the experience of the surgeon (30, 31) , have already been identified.
Magnetic resonance imaging (MRI) is now the reference standard for the investigation of pituitary adenomas, providing invaluable information about tumor size and extension (32, 33) . It is also useful for the assessment of intracavernous extension (ICE), which hampers the complete surgical removal of pituitary adenoma. However, the use of MRI to predict ICE has its limits (34, 35) , and no reliable radiologic predictor has yet been identified in patients with acromegaly (36) . The possibility of predicting surgical outcome on the basis of preoperative pituitary MRI has not been fully investigated in acromegaly.
We tried to identify clinical, hormonal and pituitary MRI predictors of surgical outcome by retrospectively reviewing the medical charts of 83 operated patients out of 125 consecutive newly diagnosed patients with acromegaly investigated in our department since the advent of pituitary MRI in 1988.
Patients and methods

Patients
We identified every newly diagnosed patient with acromegaly seen at the Department of Endocrinology of Cochin Hospital (Paris, France) since 1988. Of the 125 consecutive patients identified, 83 patients underwent surgery, had pre-and postoperative biochemical assessment in our department and were therefore selected for this analysis that was performed according to the rules of the Institutional Review Board of Cochin Hospital.
Endocrine investigation
For basal GH level measurements, we report the mean value of samples obtained during the day. For GH measurements during oral glucose tolerance test (OGTT), 75 g glucose were administered orally, and GH assays were performed on plasma samples collected after 0 and 60 min of the OGTT. GH was assayed by RIA with the CIS-Bio International Kit (Gif-surYvette, France) between 1988 and 1990, and by immunoradiometric assay (IRMA) with the CIS-Bio International Kit (lower detection threshold, 0.04 mg/l) thereafter. Correlation analysis of the results obtained in RIA and IRMA GH assays showed that the GH level obtained was 10% higher if the sample was assayed with RIA than if assayed by IRMA.
Plasma insulin-like growth factor-I (IGF-I) concentration was determined by RIA, as previously reported (15) . IGF-I was separated from its binding proteins with the INCSTAR Kit (Stillwater, MN, USA) with Sep-Pak column extraction or gel filtration before 1993 (15) and acid/ethanol extraction with the Nichols Institute Diagnostics Kit (San Juan Capistrano, CA, USA) thereafter. For plasma IGF-I concentration, results are expressed as a percentage of the upper limit of the normal age-and sex-adjusted range (% upper limit of normal (ULN)).
Acromegaly was diagnosed on the basis of the presence of relevant clinical features, and diagnosis was confirmed by the demonstration of a mean GH concentration over 5 mg/l and/or plasma IGF-I concentration above the normal range for age and sex and/or nadir GH/OGTT of . 1 mg/l. The mean time between preoperative biochemical assessment and surgery was 3 months (1 day-20 months). The mean time between surgery and postoperative biochemical assessment was 5 months (1 month -1 year).
Surgical procedure and analysis
Transsphenoidal surgery was performed via a sublabial or transnasal approach, with the aid of an image intensifier; 74 patients were operated at the Department of Neurosurgery of Foch Hospital (Suresnes, France).
After tumor removal, routine histopathologic analysis was performed to establish the pattern of reticulin staining and routine immunostaining for pituitary hormones. Immunostaining for GH was positive in all cases.
Fifty-seven homogeneous surgical records for procedures carried out by the same surgeon (Dr P Derome) were subjected to standardized retrospective analysis by the same neurosurgeon, blind to the endocrine outcome after surgery: tumor size, suprasellar extension (SSE), infrasellar extension (ISE), intracavernous extension, peri-and postoperative complications (hemorrhage, cerebrospinal fluid (CSF) leak, hyponatremia by syndrome of inappropriate antidiuretic hormone secretion (SIADH), diabetes insipidus, sinusitis and meningitis) and tumor removal (complete, incomplete or uncertain).
Radiologic analysis
All patients underwent preoperative imaging of the pituitary fossa; 12/83 (14.5%) had CT scans and 71/83 (85.5%) had MRI in the sagittal and coronal planes, with and without gadolinium enhancement.
Sixty-two of the 71 (87%) MRI images were available at the time of the study and were used for standardized analysis by the same neuroradiologist, who was unaware of the surgical outcome. Tumors were classified on the basis of size, SSE, ISE or ICE.
Tumor size Tumor size was defined as the largest tumor diameter measured and was subdivided a priori before analyzing the MRI into seven grades: Infrasellar extension (ISE) ISE was subdivided into two stages: A ¼ no extension and B ¼ suspected extension into the sphenoidal sinus (adenoma tissue detected by MRI in the anatomic space occupied by the sphenoidal sinus).
Intracavernous extension (ICE) ICE ( Fig. 1 ) was subdivided into seven stages: A ¼ no extension; B1 ¼ possible sinus extension with no sign of invasion of the space below the carotid artery; B2 ¼ possible extension with signs of invasion of the space below the carotid artery; C1 ¼ probable extension with no sign of invasion of the space below the carotid artery; C2 ¼ probable extension with signs of invasion of the space below the carotid artery; D ¼ massive extension; and E ¼ extension into the temporal fossa.
For statistical analysis, classification on the basis of SSE and ICE results was also performed: an adenoma with an ICE of stage A to B2 that did not reach the optic chiasma was considered noninvasive; in all other cases, it was classified as an invasive adenoma.
Statistical analysis
Clinical, biologic and radiologic data were recorded in a Microsoft Access 98 computerized database. For radiologic analysis of pituitary MRI, we defined a new size-independent class for invasive adenomas: adenomas with SSE above the optic chiasma and ICE above B2. Criteria for cure of acromegaly were established from recently published data (22, 24, 28, 30, 37) : mean GH concentration of , 2.5 mg/l, nadir GH/OGTT of , 1 mg/l and normal plasma IGF-I concentration for age and sex. Postoperative assessments were made between 30 and 365 days after surgery.
Quantitative clinical and biologic variables were described with means^S.D. Analyses included Student's t-test, chi-square test, and ANOVA, which were all carried out with the SAS package (SAS Institute Inc., Cary, NC, USA). Logistic regression analysis was used to analyze predictors of outcome. Results were considered statistically significant if the two-tailed P value was , 0.05. First, we explored the predictive value of each preoperative radiologic and biologic variable in a logistic model including age and duration of acromegaly. Odds ratio (OR) and 95% confidence intervals (CI) were calculated for this predictive value. We also tested overall surgical outcome, with OR adjusted for age and duration of acromegaly. We added all variables significant in the univariate analysis to a multivariate model, including age, duration of acromegaly and preoperative IGF-I concentration normalized for age and sex, and a second model, including age, duration of acromegaly and preoperative GH concentration.
Results
Patients
The mean age of the 83 patients was 44.3^12.9 years (mean^S.D.) at the time of diagnosis of acromegaly, with a female/male ratio of 1.5/1 (50 women and 33 men). The mean estimated duration of acromegaly before diagnosis was 6.0^5.1 years. The mean time between diagnosis and surgery was 5.6^12.2 months (Table 1) .
Hormonal results before and after surgery
Before surgery (Table 1) , mean basal GH concentration was 55.6^103.8 mg/l. Mean nadir GH/OGTT was 51.3^134.9 mg/l. Mean IGF-I level was 188.5^109.9% ULN.
After surgery (Table 2) , mean basal GH concentration was 47.5^244.8 mg/l. Mean nadir GH/OGTT was 9.3^28.6 mg/l. Mean IGF-I level was 107.5^71.2%. Thirteen of the 83 patients had postoperative investigations in our department in under 
Surgical analysis
Minor perioperative complications, such as CSF leaks and hemorrhage, were observed in 3.4% and 2.4% of patients respectively. No modification of the surgical technique was required and no late complications appeared. There were no instances of postoperative CSF rhinorrhea, meningitis or definitive diabetes insipidus. The transient postoperative complications of diabetes insipidus and hyponatremia were observed in seven patients (8.4%) each. One patient died of postoperative pulmonary embolism, despite low-molecular-weight heparin prophylaxis.
From the analysis of neurosurgical records (and not from the MRI standardized analysis reported below), SSE was found in 28/57 patients (49.1%), ISE in 6/57 patients (10.5%) and ICE in 9/57 patients (15.8%). Tumor removal was considered incomplete in 8/57 patients (14.0%), complete in 40/57 patients (70.2%) and uncertain in nine patients (15.8%). Finally, neurosurgeons considered tumor removal successful according to the operative findings in only 70% of cases (40/57).
MRI analysis
Microadenomas were found in 16 patients (25.8%) and macroadenomas in 46 patients (74.2%). Tumor size analysis (Table 1) showed that there were no adenomas in groups a or b (diameter of , 3 mm), nine in group c (14.5%, diameter: 3-7 mm), seven in group d (11.3%, diameter 7.1 -10 mm), 16 
Factors predictive of surgical outcome
Univariate analysis, with IGF-I concentration as the criterion for cure (Table 3 , Fig. 2 ), revealed that younger age (P ¼ 0.001), tumor diameter greater than 15 mm (P ¼ 0.013), SSE above the optic chiasma (P ¼ 0.005), ISE (P ¼ 0.04), invasive adenomas (as defined in the Patients and methods section, P ¼ 0.02), preoperative higher basal GH level (P ¼ 0.02), higher nadir Fig. 3 ), revealed ICE above B2 (P ¼ 0.01) to be predictive of disease persistence after surgery. With GH concentration of , 2.5 mg/l as the criterion for cure, younger age (P ¼ 0.03), tumor diameter greater than 15 mm (P ¼ 0.01), and female sex (P ¼ 0.008) were also found to be associated with the persistence of GH hypersecretion after surgery (Table 4) . In multivariate analysis, age, sex and adenoma size, as determined by MRI, were found to be close to the significance threshold, confirming the results obtained for IGF-I levels.
Discussion
This is the first study to analyze the correlation of a systematic, blind, standardized pituitary MRI analysis with the outcome of surgery for acromegaly. All the patients were newly diagnosed and had been followed in a single endocrine unit since the pituitary MRI entered into routine use (1988). Surgery was routinely performed as a first-line treatment in all patients. There was therefore no bias in patient selection. Indeed, during this period, only 22 of 125 patients did not undergo surgery. The characteristics of the adenoma were among the reasons for which surgery was not carried out in only eight of these cases, pituitary MRI showing the adenoma to be enclosed in the cavernous sinus. The preoperative parameters of our patients, such as age and sex distribution, mean duration of acromegaly before diagnosis, and tumor classification (micro/macroadenoma) were similar to those reported in previous studies (6, 8, 12, 28 -30, 38) . The surgical cure rate for all tumors, regardless of tumor size (49%), was similar to the mean of previously reported rates, which vary between 40% (12, 27 -29) and 60% (6, 8, 14, 30) . The current consensus criteria for cure of acromegaly (5) are basal GH concentration of , 2.5 mg/l, nadir GH/OGTT of , 1 mg/l and normalization of IGF-I values for age and sex. These criteria are more stringent than those used in most previous studies (38 -40) . However, it is known that a single parameter has its limits. Results for basal GH concentration are difficult to analyze because of pulsatility, fluctuations over time and sleep, and paradoxical responses. Levels of circulating IGF-I, which is primarily produced by the liver in response to GH, vary to a much lesser extent and have been used as a criterion for cure since 1990 (41) . Several studies have reported a strong correlation between these three criteria (12, 37, 41) , but others have reported discrepancies between IGF-I and basal GH (28, 42) results. Kaltsas et al. reported a good general correlation between GH and IGF-I but with many discrepancies between mean GH and IGF-I levels in individual patients (29) . In our study, basal GH concentration of , 2.5 mg/l and nadir GH/OGTT of , 1 mg/l were well correlated with surgical remission rates of 44% and 43% respectively. IGF-I concentration normalized for age and sex seems to be more strongly correlated with nadir GH/OGTT of , 2 mg/l, with surgical remission rates of 59% and 61% respectively. Technical pitfalls of IGF-I assays are well known in clinical practice, and IGF-I is also regulated by factors such as nutritional status, hepatic metabolism, protease activities, IGF-binding proteins (IGFBPs) and steroid hormones. Thus, IGF-I secretion does not exclusively reflect GH secretion. In all cases, false-positive and false-negative patients are identified for each criterion. According to Kreutzer et al. (7) , any individual criterion for remission is not absolute. It would probably be better to define the remission of acromegaly in terms of two of these three criteria. However, the results obtained in this study were similar for each of the three criteria.
In this study, individual parameters such as being young and female were found to be associated with a lack of normalization of plasma GH level after surgery in univariate logistic regression analysis, as reported in previous studies (6, 12, 14) . The same applies to preoperative higher basal GH (6, 8, 27, 28, 30, 31, 39, 40) and preoperative higher IGF-I (39) levels. However, this study shows for the first time that high preoperative nadir GH/OGTT is also predictive of a poor outcome. It is difficult to identify threshold values for preoperative biochemical assessment that will predict postoperative results. Nevertheless, preoperative mean basal GH concentration (117^159 vs 25^41 mg/l), mean nadir GH/OGTT (113^227 vs 22^29 mg/l) and mean IGF-I level (242^153% vs 145^57%) were significantly higher in uncured than in cured patients. In a study by Abosch et al. (12) , 59% of patients cured after surgery had preoperative basal GH levels of , 30 mg/l, whereas 69% of uncured patients had basal GH levels of . 30 mg/l. Ahmed et al. (30) found that patients with a preoperative basal GH concentration of , 20 mIU/l had a significantly higher cure rate than patients with preoperative basal GH concentrations of . 50 mIU/l.
Standardized analysis of preoperative pituitary MRI scans by a radiologist blind to surgical outcome resulted in the identification of radiologic predictors of surgery outcome. One of the major predictors identified was tumor size. We found that the probability of cure was much lower for tumors with diameters greater than 15 mm. In previous studies, tumor size was classified according to surgical and/or radiologic analysis, and in most studies only two groups were defined (micro-and macroadenomas), with an arbitrary cutoff point for diameter of 10 mm. By this classification, based on nonstandardized analysis in most cases, the reported cure rate of macroadenomas was lower (below 50%) than that of microadenomas (8, 14, 27, 28, 30) . This study involved a more precise analysis of the correlation between adenoma size and surgical outcome. We found that the probability of cure remained high for macroadenomas with diameters of 10 -15 mm. By contrast, adenomas with diameters greater than 15 mm presented a relative risk of not being cured seven times higher than that for adenomas with a diameter of less than 15 mm. SSE above the optic chiasma and ISE, as assessed by pituitary MRI in this study, were also associated with a lower rate of cure after surgery. Similar results have been based on surgical or radiologic analysis (8, 12, 39, 40) .
ICE is one of the main problems facing the neurosurgeon attempting the complete removal of a pituitary adenoma. However, analysis of ICE is very difficult. Several MRI predictors of ICE have been proposed in neuroradiologic studies. Total enclosure of the intracavernous internal carotid artery (ICA) clearly proves the presence of ICE (34) . The cavernous sinus may also be invaded when the lateral tangent of the supra-and the intracavernous ICA is crossed by the tumor, or if the percentage of ICA enclosure exceeds 25%. According to Knosp et al. (35) , ICE is surgically proven if the tumor expands between the intercarotid line and the lateral tangent line. This space corresponds to the B2 stage defined in this study. Of the 62 patients for which MRI results were available for standardized analysis, 23 (37%) could therefore be considered to have an adenoma with clear invasion of the cavernous sinus (that is, stages C to E), whereas the others had no ICE (stage A, n ¼ 14%) or could be considered as potentially having ICE (stages B1 and B2, n ¼ 25%). This study shows for the first time that standardized and precise staging of ICE is useful for the prediction of surgical outcome. ICE staging showing probable invasion with or without invasion of the space below the carotid artery (stages C1 and C2) or a massive extension (stages D and E) presents a relative risk of 5.5 of plasma GH concentrations not falling to optimal levels after surgery. The same staging associated with SSE to the optic chiasma presents a relative risk of 7.2 of persistent high IGF-I levels after surgery. This study also shows that the surgical classification of ICE is difficult. Indeed, the results of standardized analysis of data for transsphenoidal surgery were similar to the results of MRI analysis for massive ICE (15.8% vs 14.5%) and similar to those of previous studies (34, 35) . However, overall, for invasive adenomas, ICE, as determined by surgical analysis, was probably underestimated, because the cure rate (49%) was below the estimated rate of successful removal by the surgeon (69%).
In summary, the probability of neurosurgery curing acromegaly as a first-line treatment is lower in young female patients and in patients with very high pretreatment GH and IGF-I levels. Preoperative MRI is very useful for the prediction of surgical results, as cure is much less likely in patients harboring tumors greater than 15 mm in diameter, with SSE above the optic chiasma and ISE, and with ICE classified above stage B2 according to our staging procedure. For these patients, adjuvant therapy is more likely to be required after surgery. This raises the question of whether an alternative first-line therapy should be considered if there is no neurologic consequence of tumor development and no risk of tumor in the short term. However, before we use such criteria to exclude surgery as a firstline treatment in patients presenting a very low probability of cure, further studies are required to assess whether the combination of surgery and drug treatment offers any advantage over drug treatment alone in such patients.
